A synthesis design method based on a vibrating search algorithm was proposed to achieve a wide-angle incidence visible antireflection coating design with an incident angle up to 50 above normal using only a two-material multilayer system. We found not only that the search algorithm is straightforward, but also that the resultant wide-angle wideband visible antireflection performance in the designed range is quite acceptable. It was shown that the maximum visible reflectivity was reduced to below 1.21% and that the average wide-angle visible spectral reflectivity can be reduced to lower than 0.30%. #
Introduction
The use of antireflection (AR) coatings exceeds that of all the other types of optical coatings, and the wide and extensive use of AR coating is due to the fact that it can effectively reduce the surface reflection of optical components and/or increase the transmittance of optical systems. Thus, AR coating is included in important optical coating designs. Most AR coatings are designed for normal incidence using a two-material system with the difference in the refractive indices of the materials as large as possible. [1] [2] [3] [4] [5] However, to achieve a very low-loss wideangle incidence wideband visible AR coating design is not easy, since only finite film materials can be used in practice and the polarization effect becomes significant at large incident angles, which will degrade AR performance. Moreover, more than one two-material multilayer system is usually required in the design. 6, 7) Tikhonravov et al. 6) made use of the needle optimization technique to design a wide-angle AR coating over 0.4 -0.8 mm with an incident angle up to 70 from the normal using a four-material system. The calculated maximum spectral reflectance was approximately reduced to less than 10%. Premoli and Rastello 7) proposed a minimax refining approach to refine the wide-angle wideband AR coating design starting from certain appropriate solutions using a three-material system. The calculated maximum reflectances for unpolarized light with incident angles in the 0 -30 or 0 -40 range over the 0.4 -0.9 mm range were approximately refined to 1%. Dobrowolski et al. 8) used an inhomogeneouslayer AR coating model as an initial design to yield a perfect AR coating design with the refractive indices of layer materials decreasing to that of the incident medium being available. The calculated AR reflectances for 1.00 -3.00, 1.00 -1.48, and 1.48 -3.00 interfaces in the 5.0 -8.0 mm spectral region with incident angles up to 85
were decreased to below 5%. Janicki et al. 9) proposed a hybrid optical coating design, which combined homogeneous and linear index-profile inhomogeneous layers, to achieve a wide-angle AR coating design with the incident angle up to 50 above normal in the spectral range 460 -680 nm. The calculated maximum spectral reflectance was reduced to approximately 2.7%.
In this study, we proposed a vibrating search algorithm to design a wide-angle wideband visible AR coating with the incident angle in the 0 -50 range using only a two-material multilayer system. Its design algorithm may be simple, but the resultant wide-angle wideband AR performance was quite acceptable. It was shown that the resulting AR performances of the average wide-angle visible reflectance and the maximum visible reflectance (MVR), obtained by the vibrating search method, can be reduced to below 0.30 and 1.21%, respectively.
Design Method
The vibrating search algorithm for achieving a wide-angle wideband visible AR coating design with the incident angle in the 0 -50 range is described as follows. A) Generate the initial design with a two-material Nhomogeneous-layer system having equal physical thicknesses of all layers. A merit function (MF), defined as the average wide-angle visible reflectance of incident angles 0 and 50 over 71 equal wavelength positions in the 400 -750 nm spectral regions, used in the search process is given by
where Rð; 0Þ is the normal-incidence reflectance and the oblique-incidence reflectance at the incident angle of 50
shown by
which is the mean reflectance of p-and s-polarizations, and these quantities are calculated on the basis of the matrix theory. 10) B) Vibration search the multilayer system one by one and one layer at a time to reduce MF to improve the AR performance. Here, the search process is performed as follows: first, vibrate from layer N=2 to layer N=2 þ 1 and adjust the thicknesses of layers N=2 and N=2 þ 1 one by one and one at a time; second, reverse the vibrating direction from layer N=2 þ 1 to layer N=2 À 1 and adjust the thicknesses of layers N=2 þ 1, N=2, and N=2 À 1; third, reverse the vibrating direction from layer N=2 À 1 to layer N=2 þ 2 and adjust the thicknesses of layers N=2 À 1, N=2, N=2 þ 1, and N=2 þ 2; fourth, reverse the vibrating direc-tion from layer N=2 þ 2 to layer N=2 À 2 and adjust the thicknesses of layers N=2 þ 2, N=2 þ 1, N=2, N=2 À 1, and N=2 À 2; . . . , etc.; and last, vibrate from layer 1 to layer N and adjust the thicknesses of layers 1, 2, 3, . . . , and N, where layer 1 denotes the layer next to the substrate. That is, the amplitude of the vibrating search operation is increased by adding one layer to each new vibration adjustment and its vibration center is at layer N=2. When adjusting a layer, layer thickness is either decreased or increased to reduce MF and is replaced by the thickness that yields a lower minimum MF, otherwise, the original thickness is restored and the next layer is then adjusted. When a pass of all the layers is searched and MF is reduced, the next pass of vibrating search is then performed. Once MF is no longer improved in one pass of all layers, the vibrating search operation is then terminated.
C) In general, the reflectance of the design, obtained in step (B), increases markedly at the largest incident angle of 50 and wavelengths beyond 730 nm; this degrades the wideangle AR performance. To reduce this tail reflectance, an additional search operation accompanied by a new merit function MF 0 , given below by adding a weighting w (> 1) at the long wavelength of the largest incident angle, is thus carried out.
The weighting w is varied to obtain the minimum MVR by altering w and the vibrating search of the design, obtained in step (B), is restarted until MF 0 can no longer be refined and the MVR for each w is found. The desired solution is considered to be achieved once the minimum MVR is obtained in this additional vibrating search.
Results and Discussion
A wide-angle wideband visible AR coating with the incident angle in the 0 -50
range was designed to demonstrate the vibrating search algorithm. The initial design was started using a two-material 20-layer system with a total physical thickness of 1100 nm with a binary distribution of refractive indices
where the high-and low-refractive-index film materials used in the design were TiO 2 and MgF 2 with indices n H and n L , respectively, and the substrate was BK7 glass and the ambient medium was air. In the vibrating search process, the adjusted thickness was 0.1 nm and the calculations took account of the dispersion of film materials and substrate medium shown in Table I. 11) Several initial points have been searched. It was shown that when the layer number was less than 20, degradation in wide-angle AR performance occurred. When the layer number was greater than 20, the final design was complex, cumbersome to deposit practically, and not cost effective. It was found that a 20-layer system with a total thickness of 1100 nm was a suitable initial point. After 25 passes of the vibrating search operation and with w ¼ 3:3 in the additional search operation, the results were obtained and are shown in Figs. 1 and 2 .
The final design shown in Fig. 1(a) is a 20-layer system with a total physical thickness of 841.3 nm, the corresponding AR performance shown in Fig. 1(b) is quite acceptable. The MSR occurring at an incident angle of 50 is reduced to lower than 1.21% and the average wide-angle visible reflectance in the desired range for the angle interval of 1 and the wavelength interval of 1 nm is reduced to lower than 0.30%. Without using the additional search in this design process, it is shown that the average wide-angle visible reflectance is decreased to 0.28% which has a small effect on the mean AR performance; but the MVR is significantly increased to 2.11% which degrades the wide-angle AR performance markedly. When the additional search is performed, the MVR can be effectively reduced to 1.21% and the overall wide-angle AR performance is few affected to a small degree. The three-dimensional (3D) graph of the wide-angle visible AR performance is shown in Fig. 2(a) and the average visible spectral reflectance (AVSR) with respect to the incident angle in the designed range is shown in Fig. 2(b) . Figure 2 (a) shows that most residual reflectances in the desired region are low, in which the visible spectral reflectance is reduced to lower than 1% as the incident angle is smaller than 48 , indicating that the wideangle wideband visible AR performance is very acceptable. The AVSR shown in Fig. 2(b) versus incident angle is reduced to lie in the 0.16 -1.07% range; AVSR decreases with the increase in incident angle to a minimum value of 0.16% at an angle of 26 and then increases with incident angle to a maximum value of 1.07% at an angle of 50
. It is shown that the change in AVSR is small when the angle is less than 40 , but AVSR increases markedly when the angle is beyond 40
, which is mainly due to the fact that the polarization effect becomes significant at a large incident angle. The wide-angle visible AR performances for p-and s-polarizations of the design shown in Fig. 1(a) are shown in Figs. 3(a) and 3(b) , respectively. In general, the AR performance for p-polarization is better than that for spolarization except that the spectral region is outside the 450 -700 nm range of large incident angle. Figure 3(c) shows the AVSR against incident angles for p-and spolarizations. It can also be seen that the AVSR of ppolarization is superior to that of s-polarization for every incident angle except that at the normal incidence. Moreover, the difference in AVSR increases with incident angle, indicating that the polarization effect becomes significant at large incident angles, at which the differences in effective refractive indices for p-and s-polarizations of the film materials and substrate become large, which increases the difficulty of generating the wide-angle visible AR coating design and also leads to the degradation of AR performance at large incident angles.
Moreover, the AVSR for the incident angle beyond the designed range is shown in Fig. 4(a) . It is shown that the AVSRs of the AR coated substrate are also lower than those (a) (b) of the uncoated substrate except at an angle of 90 , indicating that the AR effect is exhibited beyond the designed 0 -50 angle range as well; i.e., the wide-angle visible AR coating design presents an omnidirectional antireflective performance. Figure 4(b) shows the difference in ASVR between the uncoated and coated substrates at all incident angles; the extent of reduction in ASVR increases with incident angle to a maximum value of 7.46% at an angle of 76
, and then decreases to zero at an angle of 90 .
In this study, a simple synthesis method based on a vibrating search algorithm can be applied to achieve a wideangle wideband visible AR coating design using a twomaterial multilayer system. Its starting design can be generated automatically and the search algorithm is quite straightforward. Although an additional search operation is required to suppress the MSR; it is worthwhile that a fairly acceptable wide-angle visible AR performance can be obtained.
Conclusions
A plain design method based on a vibrating search algorithm was proposed for achieving a wide-angle wideband visible AR coating design using only a two-material system. It was shown that the average wide-angle visible reflectance and MSR of the vibrating search visible AR coating design with the incident angle in the 0 -50 range can be reduced to below 0.30 and 1.21%, respectively. We found not only that the wide-angle visible AR performance in the design range was quite acceptable, but also that the AVSR for incident angles beyond the designed range was lower than that of an uncoated substrate, indicating an omnidirectional AR effect.
